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AHSTHACT 


A  program  has  been  initiated  to  develop  materials  and  device  technology 
in  the  two  compound  semiconductor  systems  lnj{Ga1  ^As-GaAs  and 
HgjjGdj Te-CdTe  which  willform  a  base  for  Integrated  Optical  Circuits 
(IOC)  applications  in  the  short  wavelength  (0.9  to  1.1  pm)  infrared  and 
the  long  wavelength  (10.6  pm)  regions,  respectively. 

In  the  lnxGaj  As-GaAs  system,  work  has  progressed  toward  integrat¬ 
ing  an  lnxGa j  As  avalanche  photodiode  detector  in  a  GaAs  waveguide. 
An  AsClj-ll^-Ga-ln  vapor-phase  system  which  permits  compositional 
grading  has  been  used  to  ohtain  20-percent  InAs  layers.  Relatively 
low  defect  densities  have  been  achieved  by  controlled  growth  of  an 
intermediate  graded  alloy  region  between  the  GaAs  substrate  and  the 
20-percent  alloy  in  order  to  avoid  defect  formation  due  to  lattice  mis¬ 
match.  I'niform  In^Ga  As  Schottky  barrier  avalanche  photodiodes  with 
gains  of  290,  rise  times  of  about  170  psec.  and  quantum  efficiencies  of 
90  percent  at  wavelengths  up  to  1.1  pn  have  been  fabricated.  Measure¬ 
ments  have  been  made  to  determine  the  electron  and  hole  ionization  co¬ 
efficients  in  GaAs  avalanche  photodiodes  in  order  to  obtain  an  estimate 
of  the  ultimate  wide-bandwidth  performance  of  GaAs  and  InGaAs  devices. 
In  addition,  several  waveguide  fabrica'ioi,  schemes  forln^Gaj  As  IOC's 
have  been  investigated. 

In  the  Hgx<’dj_xTe-('dTe  area  an  effort  has  been  started  to  develop 
ngxGdi-xTe  epitaxial  growth  techniques  and  waveguide,  coupler,  and 
acoustic  frequency- shifter  technology  in  CdTe.  A  vapor-phase  epi¬ 
taxial  system  has  beer  designed,  constructed,  and  encouraging  results 
have  been  obtained  in  oreliminary  experiments  of  epitaxial  Hg^'dj  Tc 

growth  on  CdTc  substrates.  Proton  bombardment  has  been  used  on  high 
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carrier  eoncentr;  tion  (10  cm  )  CdTc  to  achieve  carrier  removal  in  a 
layer  adjacent  to  tl  e  surface  and  wavegniding  in  this  proton-bombarded 
region  at  10.6  pm  ha  been  demonstrated. 

In  a  related  program.  Hg^'dj  xTe  photodiodes  have  been  developed  for 
heterodyne  detection  at  10.6  pm  with  a  frequency  cutoff  of  near  floO  Mil? 
and  quantum  efficiencies  greater  than  40  percent.  It  is  planned  to  even¬ 
tually  incorporate  similar  diodes  in  a  »Ig  (’d  Te-CdTe  IOC  heterodyne 
receiver. 


Accepted  for  the  Air  Force 

Kugene  C.  Raabe,  I.t.  Col.,  USAF 

Chief,  RSI)  Lincoln  Laboratory  Project  Office 
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InxCal  xAs-C,aAs  INTEGRATED  OPTICAL  CIRCUITS 


A.  MATERIALS  PREPARATION 
1.  Epitaxial  Growth 

InxG‘VxAs  rnri^er'il'  Crown  epitaxially  on  GaAs  substrates  using  an  AsCl  j- Il^-Ga-In 
vapor- phase  sysl  nil  which  permits  grading  the  epitaxial  layers  from  GaAs  to  the  desired  com¬ 
position.  The  lattice  mismatch  between  In^.Uj _xAs  alloys  and  GaAs  makes  it  difficult  to  grow 
hiffh-quabty  epitaxial  layers  for  the  fabrication  of  avalanche  photodiodes.  For  an  alloy  compo¬ 
sition  of  20r'  InAs,  the  lattice  constant  is  about  1.4  percent  larger  than  that  of  GaAs.  If  all  of 
this  lattice  mismatch  were  relieved  plastically,  it  would  create  about  10^  dislocations  per  cm'L 
However,  by  grading  the  epitaxial  layer  from  GaAs  out  to  the  desired  composition,  the  strain 
due  to  lattice  mismatch  should  be  largely  elastic,  and  good  quality  epitaxial  layers  should  be 
obtained. 

Tbe  As(  1 llj-Ga- In  vapor-phase  reactor  used  to  grow  the  alloys  is  shown  schematically  in 
!•  lg.  1.  The  two  As(V112  flows  over  the  gall  urn  and  indium  melts  are  separately  controlled  by 
feedback  control  systems.  Growth  is  initiated  with  7cro  flow  over  the  indium  melt,  and  this 
flow  is  then  increased  in  a  programmed  manner  so  that  the  epitaxial  layer  is  graded  from  GaAs 
to  the  desired  composition  of  ^Ga^As.  When  the  flow  for  this  composition  is  reached,  it  is 
maintained  constant  until  the  epitaxial  layer  is  as  thick  as  desired. 

The  pr esaturated  indium  and  gallium  melts^  are  controlled  at  a  temperature  of  dSO'C  with 
the  center  mixing  zone  at  about  the  same  temperature.  Epitaxial  growth  is  obtained  on  the  GaAs 
seeds  at  a  temperature  of  700“C  in  a  gradient  of  about  8°<’/cm.  Under  these  conditions  the  alloy 
composition  of  the  epitaxial  layer  is  essentially  determined  by  the  flow  rates  of  II2  +  AsCl^  over 
the  indium  and  gallium  melts.  Figure  2  shows  the  variation  of  alloy  composition  as  a  function  of 
the  ratio  of  the  flow  rate  over  the  indium  melt  to  the  flow  rate  over  the  gallium  melt  for  a  total 
flow  of  250  ml /min,  850“C  melt  temperatures,  and  a  TOOV  growth  temperature.  The  two  dashed 
lines  indicate  the  approximate  scatter  in  tbe  data  caused  by  other  variables  which  have  yet  to  be 
ontrolled.  As  can  be  seen,  the  variation  plotted  in  Fig.  2  is  approximately  linear.  Thus,  for 
constant  growth  rate  and  a  constant  flow  rate  over  the  gallium  melt,  a  linear  increase  with  time 
in  flow  rate  over  the  indium  melt  should  produce  an  approximately  constant  gradient  in  allov 
composition. 

Epitaxial  layers  of  b^Ga^As  with  a  composition  of  about  20 i%  InAs  have  been  grown  on 
111  (  C.a,  (111,  As,  and  (lOO)  GaAs  seeds.  With  the  growth  parameters  indicated  above,  growth 
rates  were  typically  0.L  0.07.  and  0. 12  pm/min  for  { 1 11}  Ga,  (ill)  As,  an,  ,100}  surfaces, 
respectively.  20"  InAs  layers  free  of  gross  defect  structure  were  obtained  with  compositional 
gradients  of  about  0.5  to  1.051  InAs  /pm.  Layers  were  usually  prepared  so  that  about  one-half  of 
the  total  thickness  was  graded  in  allov  composition  and  one- half  was  constant  in  al.oy  composition. 

2.  Defect  Characterization 

As  expected  for  In^a^As  alloys  grown  epitaxially  on  GaAs,  the  quality  of  the  grown  favors 
is  critically  dependent  upon  the  amount  of  lattice  mismatch  which  can  be  maintained  elastic  during 
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the  growth  process.  This  is  manifested  in  the  curvature  of  the  wafer  (epitaxy  plus  substrate) 
after  growth,  which  indicates  that  with  careful  grading  almost  all  of  the  lattice  mismatch  can  be 
maintained  elastic.  Preliminary  studies  of  the  defect  structure  in  the  constant  composition 
region  of  the  better  wafers  reveil  dislocation  densities  on  the  order  of  1  06  to  107  per  cm*  and 
stacking  Unit  densities  on  the  order  of  to4  per  cm2.  These  values  indicate  that  about  99.9099  per¬ 
cent  of  the  lattice  mismatch  is  ma  ntained  elastic  with  the  grading  and  growth  process  currently 
being  used. 

Although  these  defect  densities  might  bo  expected  to  be  too  high  to  achieve  an  appreciable 
VioU  of  mieroplasma-free  avalanche  photodiodes,  several  factors  tend  to  compensate  for  this: 
first,  there  is  no  indication  that  microplasmas  are  associated  with  stacking  faults;  second,  the 
dislocations  are  not  distributed  randomly;  and  finally,  there  is  not  a  one-to-one  correlation  be¬ 
tween  dislocations  and  microplasmas.  Generally,  these  factors  enable  us  to  obtain  an  appreciable 
yield  of  good  devices.  However,  it  is  clear  that  the  major  problems  we  have  encountered  so  far 
in  this  alloy  system  are  caused  by  lattice  mismatch,  and  we  are  continuing  to  explore  means  of 
minimizing  these  defect  densities. 

».  DKV  KT:  F  A  IRRIGATION 


1. 


,nxC,a1-xAs  Avalanche  Photodiodes 


The  present  work  on  In^.a^As  avalanche  photodiodes  is  an  extension  of  a  previous  one-year 
program  which  was  sponsored  by  the  Air  Force  Avionics  laboratory  for  developing  discrete  1.06-pm 
avalanche  diodes  for  use  in  satellite  communications.  In  the  earlier  program,  In  Ga  As  diode: i 
with  uniform  gains  of  about  200  and  response  times  less  than  200  psec  were  fabricated;  however 
the  response  peak  was  limited  to  about  0.oS  pm  due  to  an  insufficient  indium  concentration  in  the’ 
alloy.  Following  the  improvements  in  epitaxial  growth  techniques,  uniform  Schottky  barrier 
avalanche  photodiodes  with  ga'  .s  of  250.  rise  times  of  about  170  psec,  and  quantum' efficiencies 
of  St  percent  at  wavelengths  as  long  as  1.10  pm  have  been  fabricated  in  In  Ga  As  alloys  during 

the  past  six  months.  The  structure  ami  fabrication  method  were  the  sambas  previously  used  for 
the  GuAs  devices. 

The  spectral  responsivities  of  two  ln^Ga^As  avalanche  photodiodes  are  shown  in  Fig.  3. 

Also  shown  in  this  figure  arc  two  dashed  curves  indicating  the  responsivity  of  a  GaAs  Schottky 
barrier  diode  and  a  Si  p-n  junction  avalan.  he  photodiode.  Lines  of  constant  quantum  efficiency 
are  shown  for  comparison  with  the  spectral  response  curve.  Although  the  GaAs  and  Si  detectors 
have  their  peak  response  at  about  the  same  wavelength,  the  Si  detector  responds  to  much  longer 
wavelengths  since  the  long  wavelength  cutoff  for  Si  is  much  more  gradual  than  for  the  GaAs  and 
!,1x°al-xAs  doctors  because  of  the  indirect  ba.idgap  in  Si.  The  quantum  efficiency  of  the  Si  de- 
tl‘‘  tor  at  1.0ft  pm  is  quite  low.  however.  The  alloy  detector  with  x  =  0.17  has  a  quantum  efficiency 
at  1.0 ft  pm  that  is  more  than  twice  that  of  Si.  but  it  is  clear  that  a  slightly  higher  mole  fraction 
of  InAs  is  needed  to  ohtain  a  peak  responsivity  at  1.06  pm.  The  detector  with  x  =  0.20  has  a  peak 
response  at  about  1.11  pm.  The  structure  in  the  two  alloy  detector  curves  is  probably  duo  tointer- 
ferenee  effects  of  the  thin  I*t  Schottky  barrier  and  a  protective  oxide  coating.  The  measurements 
shown  in  this  figure  were  made  at  low  bias  voltages  where  the  multiplication  was  essentially  unity, 
but  for  Uiese  ^nxGal  xAs  detectors  which  had  a  net  bulk  carrier  concentration  (NR  -  )  of  about 

2  '  10  cm  there  is  no  significant  change  in  the  spectral  response  curve  at  high  reverse  bias 
voltages  and  high  multiplication,  in  contrast  to  the  GaAs  detectors  where  an  increase  in  reverse 
bias  causes  an  increase  in  the  response  at  longer  wavelengths  because  of  the  Franz- Keldysh  shift 
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of  the  absorption  edge.  At  the  low  frequencies  used  for  theje  measurements  (~1  kHz)  the  average 
gain  of  the  In^  ^Ga0  rjAs  device  was  approximately  300. 

Sinre  very  large  gains  can  he  observed  due  to  edge  breakdown  or  microplasmas,  the  uniform¬ 
ity  of  the  diode  response  under  high  gain  was  examined  by  scann'ng  the  active  area  with  a  focused 
Ilt’No  (O.h  3 3- pm )  laser  and  displaying  the  photoresponse  on  an  oscilloscope.  A  photograph  of  the 
response  profile  of  an  rn0 >17Gafl  8}As  diode,  operating  at  a  gain  of  about  iOO,  obtained  in  this 
way  is  shown  In  Fig.  4.  The  general  shape  of  the  5-mil-diameter  device  can  be  seen  In  the  figure. 
The  round  area  at  the  top  where  there  is  no  response  is  due  to  the  lead  wire  on  this  device  which 
blocked  a  small  part  of  trie  active  area.  At  this  gain,  the  photoresponse  across  the  area  of  the 
diode  is  uniform  to  within  about  20  percent.  Tiie  small  nonuniformities  present  are  apparently 
due  to  inhomogeneities  or  defects  in  the  crystal  since  they  could  not  be  identif'ed  with  surface  de¬ 
fects  in  the  Schottky  barrier.  The  photoresponse  which  appears  at  the  perimeter  of  the  device 
results  from  laser  light  which  is  scattered  into  the  high-gain  areas  of  the  diode  from  the  Au  con¬ 
tact  ring  and  is  not  actually  edge  response.  Using  this  technique,  we  can  routinely  scan  each 
photodiode,  and  reject  those  which  show  evidence  of  microplasmas,  edge  breakdown,  or  other 
deferts. 

The  speed  of  response  of  the  diodes  was  studied  using  a  mode-locked  Nd.YAG  laser  with  a 
pulse  repetition  frequency  of  275  MHz.  The  response  of  an  lnQ A ?3a0  gjAs  avalanche  photodiode 
operating  at  a  gain  of  more  than  250  with  a  50-ohm  sampling  oscilloscope  is  shown  in  Fig.  5.  At 
this  speed  of  operation  the  gain  was  measured  by  attenuating  the  laser  so  that  the  signal  could 
just  be  observed  on  the  sampling  oscilloscope  at  low  reverse  bias  values  and  then  taking  the  ratio 
of  the  signal  at  a  given  bias  to  that  at  low  bias.  Since  the  photocurrent  tended  to  saturate  at  higher 
power  levels,  the  measured  gain  corresponds  to  a  lower  limit  obtainable  with  the  device.  The 
rise  and  fall  times  of  the  pulses  are  essentially  equal,  and  a  more  detailed  examination  of  the 
pulse  indicates  a  10-  to  90-percert  rise  time  (and  fall  time)  of  175  psec,  which  corresponds  to  a 
b“  °  bandwidth  of  2  GHz.  There  was  no  detectable  change  in  the  rise  and  fall  times  with  bias 
voltage  (multiplication).  This  response  time  represents  the  total  system  response  and  is  probably 
limited  by  tbe  H(  time  constant  of  the  50-ohm  load  and  the  capacitance  of  this  5-mil-diameter  de- 
\i  e,  although  the  ac*ual  rise  and  fall  times  of  the  laser  have  not  been  determined.  The  response 
time  <  an  probably  be  reduced  somewha'  while  maintaining  the  same  device  area  by  optimizing  the 
doping  in  the  epitaxial  layer  mo  that  the  capacitance  is  made  smaller  while  still  avoiding  transit 
time  limitations. 


H.  Ionization  Coefficient  Measurements 

A  preliminary  study  of  the  noise  performance  of  the  h^Ga^As  avalanche  photodiodes  indi¬ 
cates  that  the  noise  power  varies  much  less  rapidly  than  m3,  where  AI  is  the  multiplication  gain, 
and  that  the  detector  noise  at  a  gain  of  250  is  tower  than  the  noise  of  a  state-of-the-art  wideband 
amplifier  with  a  5-dR  noise  figure.  An  M2-1  dependence  of  the  noise  power  was  previously  ob¬ 
served  in  GaAs  Schottky  barrier  photodiodes,2  but  other  measurements  on  GaAs  p-n  junction 
avalanche  photodiodes  have  .yielded  an  M3  variation.3  The  theory  of  McIntyre4  predicts  that  the 
noise  power  will  vary  as  M3  if  the  hole  and  electron  ionization  coefficients  are  equal,  and  as  M2 
if  one  is  much  greater  than  the  other  and  the  multiplication  is  initiated  by  the  carrier  with  the 
higher  coefficient.  The  ratio  of  the  hole  and  electron  ionization  coefficients  is  also  important 
relative  to  gain-bandwidth  product  limitations.  HmmonsS  has  shown  that  in  p-i-n  avalanche  photo¬ 
diodes,  for  Mi  p/n,  where  p  and  n  are  me  hole  and  electron  ionization  coefficients,  respectively 


the  bandwidth  is  limited  by  the  transit  time  only,  but  that  for  M  >  p/a  there  is  a  corresponding 
ecrease  in  the  bandwidth  for  an  increase  in  M.  If  we  extend  this  treatment  to  the  Schottky  bar¬ 
rier  diodes  and  use  the  measured  rise  time  of  175  psec,  we  can  estimate  that  p/a  >  50  Since 
the  measured  rise  time  is  limited  by  the  RC  time  constant  rather  than  the  gain-bandwidth  prod¬ 
uct.  this  is  only  a  lower  limit  for  P/a.  It  should  be  noted  that  this  conclusion  does  not  agree 
with  several  reports  of  equal  ionization  coefficients  for  electrons  and  holes  in  GaAs.6’7 

I.xperiments  are  now  under  way  to  attempt  to  accurately  measure  a  and  p  in  GaAs  and  to 
determine  their  variation  with  electric  field.  The  devices  used  for  these  measurements  were 
fabricated  so  that  the  multiplicat.ons  due  to  pure  hole  and  pure  electron  injection  could  be  meas- 
uri  d  in  the  san  e  device.  Pt  or  Au  Schottky  barriers  were  formed  on  n-type  GaAs  by  electro¬ 
plating.  and  edge  breakdown  at  the  perimeter  of  the  barrier  was  eliminated  by  a  guard  ring 
formed  by  proton  bombardment.  The  devices  were  illuminated  from  the  back  by  strongly  absorbed 
.  3-pm  laser  radiation  to  obtain  pure  hole  injection  or  by  1.06-  or  1.15-pm  laser  radiation  to  ob- 
am  pUrc  eloctron  injection  by  photoemission  from  the  metal  Schott!  y  barrier.  Preliminary  re¬ 
sults  of  these  experiments  indicate  that  the  hole  and  electron  ionization  rates  are  not  equal  but 
that  P  >  a. 


3.  Waveguide  Fabrication  Schemes 

Several  different  schemes  for  the  fabrication  of  thin-film  optical  waveguides  in  the 

InxGal-xAs'GaAs  materials  system  have  been  investigated.  The  two  most  feasible  methods  both 
rely  on  the  small  change  in  the  index  of  refraction  between  two  regions  of  material  with  different 
carrier  concentrations.  This  discontinuity  in  carrier  concentration  can  be  created  in  two  differ¬ 
ent  ways:  (1 )  by  proton  bombardment  of  heavily  doped  crystals  which  creates  a  high  resistivity 
low  earner  concentration  region,  and  (2)  by  the  growth  of  high-purity  epitaxial  structures  on 
heavily  doped  substrates.  The  second  method  seems  most  desirable  because  of  the  possibility  of 
obtaining  lover  loss  waveguides.  Preliminary  absorption  measurements  indicate  that  it  may  be 
possible  to  fabricate  low-loss  waveguides  in  GaAs  for  the  transmission  of  room -temperature 
GaAs  laser  emission.  This  would  be  very  desirable  from  the  standpoint  of  the  fabrication  of 
more  complicated  integrated  optical  circuits. 

1  hiring  the  next  six-month  period  we  will  fabricate  thin-film  waveguides  by  the  methods  de¬ 
scribe  above  and  incorporate  an  ln^a^As  photodiode  in  a  waveguide  for  the  detection  of  opti¬ 
cal  radiation  in  the  waveguide.  The  performance  will  be  evaluated  at  various  wavelengths  from 
0.905  pm  to  1.06  pm. 
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IF.  IlRxCdl  xTt-('(lTe  INTKGRAT  KO  OPTICAL  CIRCUITS 


A.  MATERIALS  PR  K  PA  RATION 

Problems  associated  with  lattice  mismatch  arc  not  expected  to  be  as  severe  in  the  epitaxi  il 
growth  of  Hgx(,(Il  xTe  on  CdTe  as  they  are  in  the  InC.aAs-GaAs  sjstem.  As  an  example,  alloys 
with  a  composition  of  80w  IlgTe  have  a  lattice  constant  that  is  only  0.25  percent  Smaller  than  the 
lattice  constant  of  CdTe.  Nevertheless,  it  may  still  be  necessary  to  utilize  grading  to  achieve 
the  best  quality  material. 

Our  initial  attempt  to  develop  an  epitaxial  Hg  Cd^  Te  capability  utilized  a  vapor-phase 
flow  system  at  atmospheric  pressure,  since  a  preliminary  study  suggested  this  as  the  most  viahle 
approach.  \  photograph  of  the  quartz  appar  ms  constructed  for  this  purpose  is  shown  in  Fig.  6. 
The  system  is  designed  to  transport  the  three  constituent  elements  in  a  1 1^  carrier  gas  and  to 
suitably  combine  them  in  the  vicinity  of  a  CdTe  seed.  The  two  horizontal  taper  joint  inputs  placed 
side-by-side  on  the  left  end  of  the  quartz,  apparatus  are  utilized  to  insert  cadmium  and  tellurium 
boats.  The  three  vertical  taper  joint  inputs  are  inlets  for  each  of  the  constituent  element 
chambers.  The  other  two  vertical  tubes  without  taper  joints  which  connect  to  the  larger  chamber 
are  the  inlet  and  outlet  for  circulating  oil  which  maintains  the  mercury  in  the  inner  chamber  at  a 
constant  temperature.  On  the  right  end  of  the  tube  a  near  vertical  seed  holder  is  attached  to  a 
larger  taper  joint  to  facilitate  insertion  and  removal  of  the  seeds.  In  the  center  of  the  tube  a 
mixing  chamber  is  utilized  to  homogenize  the  mercury  and  cadmium  vapors.  The  quartz  tube  is 
plae  ;d  in  a  three-zone  furnace  to  provide  control  over  the  cadmium,  tellurium,  and  growth 
temperatures. 

Althc,  igli  there  are  a  number  of  problems  to  be  resolved,  initial  results  with  this  system  have 
been  encouraging  in  that  some  epitaxial  growth  of  Hg^C  dj  Te  on  CdTe  has  been  achieved.  With 
this  technique  there  appears  to  be  a  sizable  segregation  of  the  mercury  in  the  vapor  phase.  Also, 
alloy  composition  appears  to  be  strongly  dependent  upon  growth  temperature.  We  are  presently 
attempting  to  optimize  the  various  system  parameters  (time,  flow  rates,  temperatures,  and  tem¬ 
perature  gradients)  to  reproducihly  obtain  epitaxial  growth  of  alloys  with  the  desired  80"*-  tlgTe 
composition. 


H.  DUVJC IS  FABRICATION 


lh-oton  bombardment  of  CdTe  was  investigated  to  determine  whether  the  free-carrier  density 
can  he  reduced  by  this  technique  in  order  to  form  an  optical  waveguide  for  10.6  pm.  Preliminary 
results  indicate  that  such  waveguide  structures  ean  be  formed  by  the  use  of  3-MeV  liigh-e  icrgy 
protons. 

In  the  proton  bombardment  technique  which  has  previously  been  used  to  fabricate  waveguides 
in  GaAs  for  wavelengths  in  the  vicinity  of  1.15  pm,  the  dielectric  constant  in  a  region  adjacent 
to  the  surface  if.  increased  by  reducing  the  free-carrier  concentration.0,10  The  waveguide  thick¬ 
ness  ran  he  precisely  controlled  by  varying  the  proton  energy.  For  CdTe  an  increase  in  dielec¬ 
tric  constant  bv  almost  10  percent  is  estimated  for  a  decrease  in  carrier  concentration  from 
18  3  17  3 

10  /cm  to  1  0  /cm  ,  However,  in  order  to  achieve  adequate  waveguide  thickness  in  CdTe  for 
10. 8-pm  wavelength,  proton  energies  about  ten  times  higher  than  the  0.  3-MeV  energy  used  for 
1.15-pm  guides  in  GaAs  are  required. 
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High-energy  proton  bombardment  studies  were  carried  out  at  0.3,  1.  2.  2.5,  and  3  MeV  on 
indium-doped  CdTe  with  1.8  X  10  carriers/cm3  and  on  bromine-doped  CdTe  with  1  4  x  1018 
carriers  'cm  .  The  proton-bombarded  CdTe  wafers  were  evaluated  by  capacitance  measure¬ 
ments  made  with  plated  gold  Schottky  barriers.  Bombardments  of  1015  protons/cm2  at  0  3  MeV 
.rough  thin  Schottky  barriers  revealed  ze-o  bias  carrier  depletion  depths  of  about  2.4  pm.  which 
someu  at  less  than  the  3.1 -pm  range  of  the  protons.  The  measured  depletion  depth  implied 
an  average  carrier  density  in  the  surface  layer  of  about  2  X  1014/cm3  or  a  factor  of  about  1  04 
reduction  from  the  initial  value  of  1.4  X  lO^/cm3  Differentia!  capaeitance-voltage  data  indicated 
;  °nCt'ntratlonfj  fr™  5X10  /«"  to  5  x  lo^/cm3  at  the  bottom  of  the  depletion  region  Capaci- 

a;0Ce8::;rentS  °;  5TfPleS  h°mhM  With  rt0nS  at  10,5/-Z  indicated  a  removal 

'  „  !  CdrriCrs/cm  f-m  the  initial  1.8  X1018/cm3  value.  Similar  bombardments  in 
GaAs  produced  semi-insulating  material,  i.e.,  much  higher  dosages  are  required  for  CdTe. 

proto  h  31.  rUdy  W3S  CarriC'd  °Ut  is  3  TPle  WhiCh  had  been  Objected  to  three  successive 
Proton  bombardments:  3  MeV  (1  x  lO^cm2,.  1  MeV  (5  x  101  Vcm2>.  and  2  MeV  (5  X  I015/cm2, 

asTfu  t  7hS  th°  diff(!rCntia’  Pr°t0n  loss  “Pelted  from  this  bombardment  sequence’ 

a  a  function  of  distance  from  the  sample  surface.  The  numerical  values  were  taken  from 

thaTo/cd  atd  Te  vTnZ  "*  ^  ^  S"’  WhiCh  haS  a"  atomic  "umber  between 

..  ..  ‘  °  0  le  roe-  sharp,  energy-dissipation  peaks  at  13.  37,  and  69  pm  corre- 

spondmg  to  the  range  of  the  1-.  2-.  and  3- MeV  protons,  respectively.  Capacitance  measure- 

Zth  V  ^  SeqUOnCe  rCVealCd  Sch°ttky  barri-  depletion  regions  about  10  pm 

mto  the  surface,  which  implied  an  average  carrier  concentration  of  1013/cm3.  By  etching  sZ 

“‘'I!,  aVerS  °f  niatCrial  from  the  surface  and  replating  gold  Schottky  barriers  we  were  able  to 
obtain  the  carrier  concentration  profile  shown  in  Fig.  7(b).  The  data  are  presented  in  the  form  of 

boxes  with  the  width  corresponding  to  the  uncertainty  in  distance  and  the  height  corresponding  to 

Scho^kfb  Cam0r  C°nCCntrati0nS  °btain°d  fr°m  moasurements  on  the  fi,e  to  10  15-mil-square 
be  ho.  iky  barriers  at  each  step.  ^ 

Vithin  the  accuracy  of  the  measurements  there  is  ,  good  correlation  between  the  calculated 
P  n  energy  loss  prof.,,  and  the  measured  carrier  concentration  profi.e.  Pronounced  minima 

™  °°mr  C"°,Iy  “  ,h°  C’IP'C,<"1  ranB''5  °f  ,he  2-  proton,  with 

.  ;  B  m“  if  consistent  with  the  5  time,  higher  dosag 

Mcl  than  a,  3  MeV  About  0.5  x  ,o“  eV/cm3  of  proton  energy  loss  is  required  to  remove 
so  percent  of  ,  x ,0  carriors/cm 3,  or  about  3  M.V/c.rrier,  However,  upon  comparison 

°  '  ,  X  3'C'  7  ”  aP,>“rS  ,h,“  th'3  fa"°r  SCaleS  inVerS',y  «  the  residual  “rrier  dc„- 

•  n  .  os.  ,  r  T  '  OU'  30  MeV/Carri<,r'  “  higher  proton  dosages 

ban  those  for  G.As  are  needed  to  convert  this  material  into  sem, -Insulating  CdTe.  i,  indeed  i, 

can  be  done  by  proton  homhardment.  This  may  require  starting  with  a  CdTe  crystal  which  is 

no,  saturation- doped  W.h  impurities  as  were  the  wafer,  used  in  our  experiments.  Fortunately 

tiv.  iT,  W,VeS”' l0'  “  "  n°'  n°C0SSaPy  haV°  *  layer.  Since  the  refrae- 

‘  a,  3  '  Z  “  Pr0P0r,l0nal lh0  cllanKe  in  carrier  concentration,  a  residual  level  of 

.0  °m  should  no,  seriously  affect  wavegutding.  The  froe-earrier  optica,  absorption  coefficient 

a,  pm  .n  o  ,r  stan.ng  material  was  measured  to  ho  about  too  but  for  a  carrier  eonecn- 

tration  of  10  cm  it  is  less  than  1  cm  1  (Ref.  12). 

i  beT  madC  t0  dCteCt  "'aVeRUidinR  in  t,lC  Prot°n  -  bom  bar  d  ed  structures  bv  cleav- 

g  edges  of  the  wafers  and  focusing  a  10.3-pm  laser  beam  onto  one  edge  with  an  f/10 

germanium  Ions.  Samples  which  had  been  bombarded  with  2. 5- MeV  protons  at  a  dose  of  1016/cm2 
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showed  as  much  as  10  percent  transmission  through  a  1.6-mm  path  length  and  1  percent  trans¬ 
mission  through  a  3-nun  path,  although  considerable  variation  in  transmitted  light  was  observed 
from  one  part  of  the  sample  to  another.  The  two  transmission  measurements  correspond  to  es¬ 
timated  waveguide  losses  of  6  and  11  cm  t,  respectively,  when  taking  into  account  the  focal  spot 
size  of  the  incident  laser  beam  relative  to  the  estimated  53-pm  guide  thickness  and  reflection 
losses,  i.e. ,  the  effective  absorption  coefficient  has  been  reduced  by  about  two  orders  of  magni¬ 
tude  from  that  of  the  bulk  crystal.  Figure  8  shows  the  transmission  profile  of  the  1.6-mm  sam¬ 
ple.  We  are  presently  investigating  ways  of  further  reducing  the  attenuation  and  improving  wave¬ 
guide  uniformity. 

A  grating  coupler  photomask  pattern  has  been  designed  and  constructed.  The  grating  has 
2.,-fini  linewidths  and  spacings  and  should  couple  into  the  guides  at  an  angle  of  incidence  of  about 
33  .  We  are  presently  working  on  the  parameters  for  sputter- etching  these  patterns  into  the 
CdTe  samples. 

Surface  acoustic  wave  transducer  patterns  with  10  2- pm  periodicity  have  been  designed  anti 
fabricated  onto  semi-insulating  CdTe  substrates.  Since  the  bull  shear  wave  velocity  in  CdTe  is 
1.8S  x  10  m  'sec  (Ref.  13)  we  expect  these  devices  to  generate  abi  it  160-MHz  surface  waves  in 
the  material.  The  transducer  pattern  was  designed  to  have  a  ZnO  film  overlay  to  improve  the 
approximately  1-ohm  radiation  impedance  which  is  calculated  for  the  optimum  CdTe  transducer. 
From  previous  work  on  ZnO  overlays  on  GaAs  substrates,14  we  expect  to  obtain  at  least  a  factor 
of  10  increase  in  radiation  impedance.  Work  is  in  progress  to  incorporate  the  ZnO  overlay  into 
the  transducer  structure. 

HgxC’di_xTe  10.6-prn  High-Speed  Photodiodes 

In  a  related  program  funder!  bv  the  Air  Fr  rce  line  item  with  additional  support  b>r  DARPA-STO, 
»*xCa,.xTe  photodiodes  have  been  developed  for  heterodyne  detection  at  10.6  pm.  The  diodes 
were  fabricated  by  tig-diffusion  into  p-type  crystals  with  an  alloy  composition  of  about  19%  CdTe. 
Diodes  in  the  form  of  etched  mesas  250  pm  in  diameter  were  packaged  and  tested.  External  quan 
turn  efficiencies  for  diodes  operated  at  77"K  were  typically  40  to  50  percent  (uncoated)  over  the 
to  11-pm  region,  with  zero  bias  low-frequency  detectivities  as  high  as  1.1  x  1010  emllz^AV. 
Frequency  response  measurements  were  made  by  heterodyning  a  tunable  PbSnTe  diode  laser  with 
a  fixed-frequency  (  laser.  The  3-dB  rolloff  point  into  a  50-ohm  preamplifier  was  over  800  MHz 
with  0. 8  \  reverse  bias.  Local  oscillator-noise-limited  operation  was  observed  at  400  MHz.  with 
about  one  milliwatt  of  COj,  laser  power.  It  is  planned  to  eventually  incorporate  similar  diodes  in 
a  TV  VxTe-<  dTe  IOC  for  heterodyne  detection  at  1 0  (  pm. 
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Fig  4  «<y«po,i.se  profile  of  an  In0.17Gan  g3As  avalanche  pi 
at  a  gain  of  too  when  scanned  with  a  IfeNe  0.633-uni  laser. 


lrig.  3.  Spectral  responsivity  of  two 
,n\G;ll -\-As  avalanche  photodiodes  at 
unity  pain. 
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Fig.  6.  Photograph  of  quartz,  apparatus  for  the  growth  of  epitaxial  Hg  Cd,  Te, 
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Fig.  7.  (a)  Theoretical  proton  energy  oss  as  a  function  of  distance  from  the  surface 

for  a  CdTe  sample  subjected  to  three  successive  bombardments: 

1  MoV  1-5  X  101  Vom2 3); 

2  MoV  (5  x  lO^/cm2); 

3  MeV  (1  x  101S/em2). 

(b)  The  carrier  concentration  profile  determined  by  Schottky  barrier  capacitance 
measurements  after  the  above  bombardment  sequence. 
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